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ABSTRACT : In recent, it's crucial to thoroughly assess geological conditions and potential hazards when
planning and developing urban areas sustainably. Especially in regions where there's limited exposure of
rock formations and easily accessible geological data, there's a higher risk of encountering unforeseen
hazards. This study tackles this challenge in one of Egypt's heavily deformed areas, offering a comprehensive
method for conducting detailed geological and structural mapping in urban settings. This involves collecting
data from both the surface and subsurface through field measurements. The aim is to create a detailed
profile of the geological conditions, including the underlying structural framework, in a newly established
urban hub chosen as a case study. To achieve this, we've carefully mapped out the surface structural data on
an intricate geological map, considering the shape and distribution of surface rock layers. We've also
conducted a geophysical survey using direct current resistivity (DCR) sounding to reveal the near-surface
geology. To overcome the challenges in interpreting DCR sounding data, we've applied both traditional and
innovative inversion techniques, making use of available borehole information. Additionally, we've
accumulated and analysed the mapped fault segments, both on the surface and in the near-surface, to
construct a detailed structural model. Since issues like fault ruptures and the expansion of shale layers have
significant implications for sustainable urban development, we've provided an initial assessment of
geohazards. This approach offers a comprehensive view of urban geological mapping, providing a foundation
for identifying potential hazards or opportunities in the early stages of proposed sustainable development
projects.

KEYWORDS: Urban Geo-Mapping; DCR soundings; Genetic Algorithms; Structural Mapping; Cairo-Suez
district.
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I. INTRODUCTION

With a rapidly growing global population, urban areas are expanding at an unprecedented rate. This
surge is notably transforming arid desert lands to meet the escalating demand for urban development, catering to
both residential and commercial needs (Elsawy and Lakhouit, 2020). According to a 2019 United Nations
report, the world's population is projected to reach a staggering 9.7 billion by the year 2050. Additionally, Sub-
Saharan Africa’'s population is anticipated to double within the same timeframe. Conversely, several regions,
including Oceania (excluding Australia/New Zealand), Northern Africa, Western Asia, Australia/New Zealand,
Central and Southern Asia, Latin America, the Caribbean, Eastern and Southeastern Asia, and Europe and
Northern America, are expected to experience relatively lower population growth rates between 2019 and 2050
(United Nations, 2019).

Given this demographic shift, the study of geological hazards and land resources referred to as urban
geology becomes imperative for the expansion and development of new urban areas (EI May et al., 2010). In
recent years, there has been a growing focus on environmental and urban geology, driven by the need to
mitigate urban environmental degradation and the associated geo-environmental hazards that pose threats to
burgeoning urban centers (Marker et al., 2003; Cappadonia et al., 2020). In essence, the cornerstones of
sustainable development in these new urban areas lie in economical design, stability, and safety.
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Geohazards are intricately tied to geological and structural configurations, as well as soil conditions,
capable of causing significant damage or even loss of life (Poyiadji et al., 2017). Moreover, a lack of
comprehensive data on subsurface geological structures complicates our understanding of subsurface
composition, leading to significant geohazards. Thus, establishing databases that encompass all available surface
and subsurface information is a crucial requirement to support urban land use planning. As a result, conducting
thorough geological and structural assessments in rational urban planning and development can significantly
bolster society's resilience to geohazards.

Within the framework of urban geology, structural and geotechnical mapping plays a pivotal role in
establishing geotechnical parameters for creating a safe and well-planned urban expansion (Henaish and Attwa,
2018). Additionally, surface geological and structural mapping traditionally rely on literature data, field
reconnaissance, and information gathered through field stratigraphic and structural analysis (Sakran et al., 2016;
Khalifa et al., 2021). While remote sensing (RS), GIS, and multi-criteria decision analysis have been employed
in similar efforts related to urban geology and geo-risk assessment (Lyu et al., 2018; Wang and Li C., 2021),
recognizing field geological formations and their tectonic characteristics remains a challenging task. Therefore,
integrating RS, GIS, surface geological and structural information, along with subsurface data, is imperative for
conducting detailed urban geological and hydrogeological mapping in highly deformed areas (El-Saadawy et al.,
2020; Attwa et al., 2020).

As we delve deeper into the subsurface, we encounter a complex interplay of variations and structures
that can potentially lead to instability in our urban environments. Traditionally, drilling has been the go-to
method for exploring these depths, but it comes at a high cost and consumes a significant amount of time. This
is particularly evident in regions where the density of boreholes is low. In contrast, employing in-situ
geophysical techniques to gather information about subsurface geology and structures proves to be a non-
invasive approach that yields faster results (AkcaandGolebatmaz, 2021; Haydar et al., 2020).

Over time, the failures of numerous urban development projects, coupled with a desire to reduce the
reliance on borehole drilling, have prompted the widespread application of geophysical technigues. They're now
considered a prerequisite for any successful urbanization endeavor. Integrated geophysical approaches have
come to play a pivotal role in the realm of urban geology investigations. These direct ground-based methods
enable us to gather physical parameters directly or indirectly linked to lithological and geotechnical
characteristics (Perrone et al., 2014). Among these geophysical methods, geoelectrical techniques have seen a
surge in applications, ranging from geological and structural studies to landslide and hydrogeological mapping
(Lawal et al.,2020; Niculescuand Andrei, 2021; El Bastawesy, 2020) Recently, direct current resistivity (DCR)
sounding surveys have proven to be remarkably effective in geological, geotechnical, and hydrogeological
assessments (Zhaoet al., 2021). Studies have pointed out that DCR soundings offer a non-destructive means of
gathering valid field geological data in arid areas, serving as a cost-effective solution for geological and
structural mapping (Attwa and Henaish, 2018; Hagag, 2016).

Taking all of this into consideration, the objective of this case study is to present an integrated approach
for mapping urban geology in desert lands. This involves the meticulous collection and analysis of geological,
structural, and geophysical data. In this paper, we've specifically employed DCR sounding surveys to obtain
meaningful subsurface geological information, complementing and enhancing the existing surface geological
and structural data. The fusion of field geophysical data with geological and structural studies allows us to
discern the spatial geological characteristics, providing a more comprehensive understanding of geologic
hazards, particularly from the perspective of structural geology.

I1. REGIONAL GEOLOGY

Geologically, the CSP, depicted in Figure 1, encompasses the northern expanse of the Egyptian Eastern
Desert and constitutes a part of an unstable continental shelf. Stretching approximately 120 kilometers, it
extends from the bustling city of Cairo in the west to the coastal city of Suez in the east. In terms of tectonics,
the CSP has witnessed a series of significant deformation events involving the Arabian, African, and Eurasian
plates. These events include: (1) a phase of rifting in the Jurassic-Early Cretaceous period, (2) a transpressive
movement in the Late Cretaceous era, and (3) an extension in the Late Oligocene-Early Miocene period, linked
to the opening of the Gulf of Suez and continuing into the post-Miocene era. These tectonic occurrences have
influenced the distribution of various rock units along the CSP, which encompasses sediments from the
Cretaceous, Eocene, Oligocene, Miocene, Pliocene, and Quaternary periods.
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From a structural geology perspective, the CSP can be divided into two main sectors, each comprising
uplifted blocks and down-faulted sub-basins. The northern province is characterized by faulting and folding
affecting Cretaceous, Eocene, Oligocene, and Miocene outcrops (e.g., G. Eweibed; G. Gafra; G. Shabraweet; G.
Umm Ragm; G. Hamza; G. Um Qamar) as seen in Figure 1. In contrast, the southern province is marked by
distinct Eocene fault blocks and less folded sequences (e.g., G. Ataga; G. Nasuri; Qattamiya; G. Abu Shama; G.
Abu Treifiya SW) also shown in Figure 1. Moreover, the CSP boasts a network of E-W extended fault belts,
along with NW-SE trending normal faults, formed by dextral transtension. These faults resulted from the
transfer of throw on faults from the Gulf of Suez to the CSP. These fault belts encapsulate various fault
geometries and linkage styles as illustrated in Figurel.

Geomorphologically, the CSP spans from the eastern Nile fluvial plain to the western region of the
Suez Canal and the northern part of the Gulf of Suez, as indicated inFigure 1. Broadly, the elevation profile of
the CSP gradually descends towards the north. The southern part exhibits high elevation and steep slopes,
reaching up to 850 meters above mean sea level, as seen in Figure 1, particularly around G. Ataga to the east.
On the contrary, the northern region is predominantly flat, with around 70% of its landmass reaching up to
approximately 150 meters above mean sea level, except for localized hilly scarps like G. Eweibed (about 400
meters) and G. Gafra (about 200 meters) shown in Figure 1. The regional slope varies from 0° to 68°, and the
average annual precipitation in the study area amounts to around 70 millimeters per year.
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Fig. 1. Shaded relief map (SRTM DEM) with some geological elements: major faults and structural blocks
along CSP (compiled from Moustafa&Abd-Allah 1992; Attwa&Henaish, 2018; Henaish&Kharbish, 2020).
Note, G: Gebel (mountain).

In a broader sense, the dissected, high-elevated mountains in the southern part are separated by a
distinct drainage pattern and interfluves. In contrast, the northern part displays a more widespread dendritic
pattern due to its flat and gently sloping topography. Wadi Gafra, highlighted in Figure 1, stands out in the
northern region for its dendritic network formed by a master stream and its branches. This network expands in
width based on the slope and permeability of the underlying rocks. In the southern CSP, Wadi Ghoweiba, Wadi
Hagul, and Wadi EI Ramliya (also shown in Figure 1) are the larger extended wadis. It's evident that the main
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wadis are structurally influenced, following the paths of major faults, while tributaries are influenced by
lithology, fracturing, and regional slope.

The CSP, depicted in Figure 1, encompasses the northern expanse of the Egyptian Eastern Desert and
constitutes a part of an unstable continental shelf. Stretching approximately 120 kilometers, it extends from the
bustling city of Cairo in the west to the coastal city of Suez in the east. Before delving into the intricacies of
structural geology, it was imperative to lay a solid foundation by meticulously documenting the stratigraphy of
the region. This involved creating a geological map rooted in the identified formations. The lithostratigraphic
information was gathered through extensive fieldwork in the central part of CSD, supplemented by data
obtained from borehole observations. Figure 2 encapsulates the range of geological units in the studied area
(depicted in Figure 1) spanning from the Middle Eocene epoch to the Recent period.
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Fig. 2. (a) Composite stratigraphic section of the study area (Attwa and Henaish, 2018). (b) The Upper Eocene
sediments at Gebel Yahmoum EI-Asmar structural high, looking towards NE. (c) The Oligocene sediments at
Gebel El-Qattamiya structural high, looking towards NNE. (d) The Marine Miocene sediments at Gebel
Angabiya structural high, looking towards the SE.

The Middle Eocene period unveils a landscape dominated by limestone and chalky limestone
formations known as the Observatory Formation (Farag and Ismail, 1959). This extensive layer surpasses 120
meters in thickness. Overlying it is the EI Qurn Formation (Farag and Ismail, 1959), characterized by marly and
chalky limestone, reaching an impressive 40-meter thickness. Resting atop the geological canvas is the Wadi
Garawi Formation (Farag and Ismail, 1959), a composite of marl and shale, with a breadth of approximately 15
meters. Transitioning to the Upper Eocene rocks (as seen in Fig. 2b), we encounter the Wadi Hof Formation
(Farag and Ismail, 1959). This formation, about 60 meters in depth, comprises a medley of shale, marl, and
limestone. The Oligocene rocks (Fig. 2c) drape themselves unconformably over the Eocene rocks. Represented
by the variegated sands and gravels of the Gebel Ahmar Formation (Shukri, 1954), they amass to roughly 40
meters and find their niche in structural and topographic low points. Additionally, there's the intriguing presence
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of basalt flows, dated to the Late Oligocene to Early Miocene era. These flows, appearing in stark contrast, are
covered unconformably by the subsequent layers of Miocene and Pliocene rocks. In the realm of the Miocene
period, rocks were categorized into two distinctive units, marine and non-marine (Shukri and Akmal, 1953).
The marine unit (Fig. 2d) extends to about 50 meters in thickness, composing primarily of sandstone, shale, and
sandy limestone. On the flip side, the non-marine unit spans around 35 meters and is characterized by sands and
gravels. The Miocene formations bear the weight of the sands, gravels, and sandy limestone from the Pliocene
era (Shukri and Akmal, 1953), with thin layers of soil and colluvial sediments blanketing the wadis and
scattered areas.

Il. STRUCTURAL SETTING

The geological makeup of the Cairo-Suez District (CSD) is a result of intricate tectonic interplay
between the African, Eurasian, and Arabian plates (Meshref, 1990). In this specific area (Fig. 1), we find four
distinct elevated features: Gebel Nasuri, Gebel Angabiya, Gebel Yahmoum EI-Asmar, and the northern segment
of Gebel El-Qattamiya (Fig. 2). These elevated formations are separated by a depression filled with Oligocene
rocks (Fig. 1).

Gebel Nasuri stands as an isolated ridge, stretching over 11 kilometers from WNW to ESE, with its
highest point reaching an elevation of 345 meters. The exposed rock formations in the Gebel Nasuri fault block
primarily belong to the Upper Eocene epoch, except for the easternmost section where Oligocene sands and
gravels are prevalent (Fig. 3a and b). Notably, Gebel Nasuri shares its eastern border with Gebel Angabiya, a
landmass mainly comprised of Miocene rocks, spanning an area of approximately 65 square kilometers (Fig. 1).
Towards the southwest lies Gebel Yahmoum El-Asmar, reaching up to the Cairo-Ain Sokhna Road (Fig. 1).
This feature predominantly showcases Upper Eocene rocks, covering an area of roughly 12 square kilometers,
and peaking at an impressive 420 meters in elevation. To the east, Gebel El-Qattamiya (Fig. 2) is characterized
mainly by Middle and Upper Eocene rocks. It forms a structural block-oriented NW-SE, with its highest point
reaching an elevation of 447 meters. Within our study zone (Fig. 1), we observe a prevailing trend in the
bedding dip generally exhibiting a moderate incline towards the northeast. The Eocene rock formations display
a gentle to moderate dip, ranging between 10° and 25°, with their orientations influenced by the underlying
geological structures. In stark contrast, the Miocene rocks showcase an incredibly subtle dip, rarely exceeding
10°.

From a structural standpoint, the region undergoes deformation primarily through a network of faults
and folds, varying in scale. The extensive data amassed during our meticulous field mapping efforts unveils a
total of thirty-six documented faults, clustered into four dominant sets, each with a descending frequency —
WNW-ESE, NW-SE, ENE-SSW, and NNW-SSE (Fig. 4a and b). Analysis of dip data gathered from five fault
surfaces reveals an inclination ranging from moderate to steep, frequently surpassing 65°. Additionally, we have
charted nine distinctive folds, falling into two prominent sets, with a descending frequency order — WNW-ESE
and NW-SE.

Based on our extensive fieldwork, it becomes evident that folds are prominently displayed across
various scales. Notably, at Gebel Nasuri, we encounter the most noteworthy outcrop folds, influencing the
Upper Eocene rock formations within this structural high (Fig. 3). Here, we discern two significant anticlines.
The first is a double-plunging fold, its axis extending towards the WNW and exerting an impact on the majority
of Gebel Nasuri. Conversely, the second fold, situated in the northeastern sector, plunges towards the ENE.
Meanwhile, at the far eastern end of Gebel Nasuri, we find the Upper Eocene and Oligocene rocks being
influenced by a SW-plunging major syncline (Fig. 3).

Moving on to the central section of Gebel Yahmoum El-Asmar, we come across two gentle, double-
plunging anticlinal and synclinal folds, along with an ESE-plunging anticline towards the east. Upon conducting
a structural analysis of these folds, it becomes clear that they result from the displacement of beds near the
faults, where the fold axes align parallel or sub-parallel to the fault's orientation (Fig. 4a and b). In cases where
drag folds are bent, we find synclines within the hanging-wall and anticlines within the footwall (Fig. 4c). Drag
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folds emerge as a consequence of lateral and upward fault propagation, often occurring in regions that have been
monoclinally flexed at the fault tips. They may also form due to frictional drag along the fault surface, as noted
by Schlische in 1995. Notably, drag folds are prominently observed throughout the study area, particularly
within the exposed Eocene rocks of Gebel Nasuri and Gebel Yahmoum El-Asmar (Fig. 4d and e).
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Fig. 3. (a) Google Earth satellite image © 2016 CNES/Astrium and (b) Detailed field geological map of Gebel
Nasuri structural high (Attwa and Henaish, 2018).
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Fig. 4. Strike summary plot showing (a) fault and (b) fold frequency distribution. (c) Schematic model shows
the idealized geometry of drag folds. (d) Field photo of an anticlinal drag fold along the footwall of a WNW-
ESE normal fault at Gebel Nasuri (looking towards ESE). (e) Field photo of an anticlinal drag fold along the
footwall of a WNW-ESE normal fault at Yahmoum EI-Asmar (looking towards SE) (Attwa and Henaish,
2018).

IV. METHODOLOGY

Clearly, grasping the geological and structural characteristics of a new urban area is a substantial
undertaking, especially when it's situated in desert terrain, before any development takes place. Based on the
geological and structural studies previously presented, we can effectively trace and map the tectonic features
and geological hazards associated with surface faults and the presence of shale layers. This proactive approach
enables us to mitigate geotechnical challenges in areas that are more susceptible to geohazards. Furthermore,
Figure-3 serves as a valuable tool for assessing initial engineering ground conditions and other geological-
related aspects of surface deposits, offering a representative overview. This discussion helps us understand the
practicality and limitations of sustainable development, such as foundation conditions and excavatability, when
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reclaiming a new urban area. However, it's important to note that surface geological and structural information
must be complemented by subsurface data to construct a comprehensive geometrical structural model that
accurately represents bedding plane geometry. To achieve this, we gather borehole and geophysical data, taking
into consideration the surface geological and structural findings. This data allows us to create a detailed
geological map, which in turn serves as a crucial resource for preliminary urban planning, particularly when
dealing with the reclamation of desert lands.

Geophysical Survey

Employing the 1D-DCR technique, we acquired geophysical data, a depth-sounding method widely
recognized for constructing accurate geological and structural models in a cost-effective manner (Abotalib et al.,
2021; Yilmaz, 2011). In the context of urban geological mapping, the primary objective of these geophysical
measurements was to delineate the resistivity distribution of subsurface layers based on surface apparent
resistivity readings. Subsequently, the gathered resistivity data were analyzed with respect to subsurface geology
and structures, aligning with existing borehole, geological, and structural information (El Bastawesy et al., 2019;
Ulem et al., 2021). In essence, the DCR technique involves injecting electrical currents into the subsurface
layers through a pair of current electrodes (AB). The resulting fluctuations in electrical potential are then
recorded at other pairs of electrodes (MN). This process allows us to measure variations in subsurface
resistivity. Within a DCR sounding survey, we can measure apparent resistivity values of subsurface layers at
different depths, contingent on the spacing between AB electrodes, in a one-dimensional manner.

Conducting twenty-seven DCR soundings using the conventional Schlumberger array, with a
maximum AB spacing of 2000 m (Yilmaz, 2011; Basokur, 1999), revealed that in desert environments, the
Schlumberger array proves to be more effective. It provides valuable insights with a favorable signal-to-noise
ratio and resolution concerning subsurface characteristics. Considering the geological and structural factors
previously discussed, the chosen electrode spacing was determined to be adequate for reaching the necessary
depths required for urban geological mapping. We conducted the DCR soundings along as straight survey lines
as possible to minimize ambiguity related to ground surface topography. Precise coordinates and elevations for
these DCR soundings were obtained using a GPS unit with an accuracy of 2 meters. Furthermore, some of the
DCR soundings were strategically positioned near observed boreholes to validate and enhance the accuracy of
the DCR interpretation. Given the desert terrain, we conducted the DCR sounding survey with consideration for
land accessibility, avoiding hilly areas and quarries. As a result, the distribution of DCR soundings exhibited
irregular patterns, and a grid-like arrangement was not feasible.

The DCR soundings were conducted using the SYSCAL Pro resistivity meter (IRIS instrument). Given
the arid conditions and relatively high resistance contact of the ground surface in this new urban area
reclamation, we utilized stainless steel electrodes surrounded by saltwater and bentonite in a hole to improve
poor electrode contact. The ground contact resistance (RS check) was consistently below 5 kQ. The apparent
resistivity data were stacked eight times, and the final data were recorded when the data quality factor values
were minimized, with stacked error being less than 2%. Additionally, a standard deviation threshold of below
4% was applied to the data for the interpretation process. Faulty measurements and data with insignificant
current or high standard deviation (> 4%) were carefully excluded. Furthermore, apparent resistivity outliers
were identified and removed as they indicated poor data quality. We conducted an inversion of the DCR
soundings to obtain a multiple-layer model with true resistivities and thicknesses. Leveraging geological
information from nearby boreholes, the true resistivities were correlated with the local lithology of the study
site. To mitigate uncertainty in the DCR interpretation, we employed both conventional and non-conventional
DCR inversion techniques, taking into account borehole information and geological/structural settings.

In the conventional inversion scheme, the DCR soundings underwent an initial inversion process using
a sequential interpretation method based on 1D-linear filtering and a damped least-squares algorithm
(specifically, the Levenberg-Marquardt method). The sequential method involved an automated iterative
approach where initial estimates were refined for layer parameters. The measured resistivity data were smoothed
using 1D smoothness weighting schemes, with weight coefficients indicating the likelihood of a perfect fit
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(unity) or infinite divergence (zero) between the datasets. Building upon the results of the conventional
inversion, we carried out non-conventional inversion using genetic algorithms (GA), which employ heuristic
search and select solutions with the lowest misfit values. GA is a flexible technique adaptable to specific
problem requirements, and its effectiveness has grown with advancements in computing speed. GA leverages
principles from biological evolution, including reproduction, mutation, crossover, and natural selection. In GA,
the first generation consists of randomly generated parameter sets representing a conceptual model. Subsequent
generations see modifications to parameters through mutation and crossover operations. Models yielding the
lowest misfit values, akin to Darwin's theory of survival of the fittest, have a higher likelihood of continuing to
the next generation. Ultimately, GA identifies multiple solutions within the global minimum neighborhood. If
the global minimum lies within the predefined search space, it can be pinpointed. Consequently, the parameter
search space is systematically reduced through successive generations. The final selection of an accurate and
specific solution takes into account additional information (e.g., borehole data, geology) and aligns with the
interpreter's judgment, considering the nature of the experiment. The ultimate results from each DCR sounding
curve provide geoelectrical layers characterized by their resistivity values and thicknesses.

In Figure-5, we present an illustrative interpretation of DCR sounding No. (9). The layer numbers were
determined based on insights from borehole data and local geological knowledge. Notably, both the generation
numbers and population size were set to 50 (Figure-5a). Within this context, we observe the variation in mean
and best misfits against generation (Figure-5a). This plot reveals a rapid decrease in both the smallest and
average values, which can be attributed to potential noise in the field data. It's worth noting that the smallest
misfit at each generation reaches a limit and cannot be further reduced (i.e., beyond generation 45). Moving on
to the best misfit, we observe a commendable alignment between the measured and calculated data (Figure-5b).
In further detail, reference (AkgaandBasokur, 2010) elucidates the model response function and error energy
map, providing valuable insights into the modeling process. Additionally, robust calibration between borehole
information and DCR inversion results, employing genetic algorithms, is evident (Fig. 5¢). This underscores the
importance of integrating well-established borehole data to accurately delineate subsurface layer distributions.
Consequently, this leads to a comprehensive representation of subsurface structures through the constructed
geoelectrical cross-sections.

Data Integration

The data gathered from outcrops, along with the analysis conducted, prove to be invaluable when
integrated with DCR and borehole data. This integration serves as a crucial control for interpretation, ultimately
leading to a more precise urban geological mapping. Utilizing all previously measured structural parameters, we
construct a comprehensive integrated structural model. This model sheds light on the necessary precautions to
be considered when establishing constructions and infrastructures in close proximity to the mapped faults. These
precautions are directly linked to the potential hazards of uncontrolled surface fault ruptures. Consequently, we
calculate the minimum setbacks required for both the hanging-walls and footwalls of the mapped faults. This
meticulous approach ensures that any urban development in these areas is well-informed and designed to
mitigate potential risks associated with fault activity.

V. SUMMARY AND CONCLUSIONS

We applied our proposed approach to uncover the subsurface structural features in a previously
unmapped area situated at the central part of CSD (north Eastern Desert, Egypt). This region holds significant
potential for urban and industrial expansion, yet it presents a complex structural puzzle tied to the Gulf of Suez
rift in Egypt.
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In essence, we employed a detailed surface structural benchmark to enhance the precision of interpreting DCR
data, reducing any ambiguity. Our journey began with a thorough surface geological mapping effort, which
involved a meticulous study of satellite images to identify exposed rock units and outline the primary structural
framework. This was followed by fieldwork, where we studied stratigraphic outcrops, measured bedding plane
orientations, and documented the geometry of surface geological structures. Subsequently, we conducted trend
analysis on the mapped faults and folds to decipher the mechanisms behind structural deformation. We also
conducted surface geophysical studies, measuring DCR soundings and Electrical Resistivity Tomography (ERT)
data. These results were then integrated to formulate a conceptual subsurface structural model.
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Fig. 5. Interpretation of DCR sounding with borehole data calibration using GA. The population size and
generation number were 50. (a) Variation of mean and best misfit versus generation; (b) Acomparison between
the measured and theoretical data at the best misfit value; (c) A comparison between the model response
resulting from GA and the borehole information (Attwa and Henaish, 2018).

It's important to note that the area's composition as made-ground posed challenges during geophysical
data acquisition and interpretation. To overcome this, we sequentially employed derivative-based inversion
(DBI) methods and genetic algorithms (GA), which robustified the interpretation process and provided valuable
insights for deep and regional geological investigations using DCR soundings. Additionally, we found that prior
information from surface structural mapping was crucial to calibrate the inferred regional subsurface structures
drawn from the geoelectrical cross-sections.

Further validation was carried out at three selected sites using 2D-ERTs, where the application of L1-
norm and an iteratively reweighted algorithm proved instrumental in revealing detailed subsurface structures.
These ERTSs, in particular, helped unveil intricate details about subsurface geological structures over short
distances, which would have been otherwise impossible to discern with 1D data alone or in non-outcropped
areas. However, it's worth noting that the presence of highly conductive layers, such as shale, did challenge the
resolution and sensitivity of ERTs in identifying subsurface layers. Therefore, we emphasized the importance of
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aligning the deduced subsurface structures on 2D-ERTSs as closely as possible with known surface features to
guide the interpretation.

Ultimately, we projected the deduced structures onto the geological map of the study area, where
structural analysis revealed a strong correlation with findings from surface geological mapping. This integrated
approach holds significant value for decision-makers, aiding in the planning and assessment of environmental
engineering considerations near known structural features. In conclusion, our non-invasive integrated approach
serves as a valuable example of how to investigate complex subsurface structures in previously unmapped areas
akin to CSD. With further refinement using synthetic models, we hope this approach will continue to improve
the ability of ERT to delineate specific complex subsurface structures.
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